Abstract-The modern grid requirement has caused that the wind power system behaves more like conventional rotating generators, and it is able to support certain amount of the reactive power. For a typical doubly fed induction generator (DFIG) wind turbine system, the reactive power can be supported either through the rotor-side converter or the grid-side converter. This paper first compares the current ripples and supportive reactive power ranges between the conventional L and optimized LCL filter, if the reactive power is injected from the grid-side converter. Then, the loss distribution is evaluated both for the generator and the wind power converter in terms of the reactive power done by the rotor-side converter or the grid-side converter with various grid filters. Afterward, the annual energy loss is also estimated based on yearly wind profile. Finally, experimental results of the loss distribution are performed in a down-scaled DFIG system. It is concluded that overexcited reactive power injected from the grid-side converter has lower energy loss per year compared to the overexcited reactive power covered by the rotor-side converter. Furthermore, it is also found that the annual energy loss could even become lower with the optimized filter and thereby more energy production for the wind turbine.
I. INTRODUCTION
T HE voltage-source converter is widely used as an interface for the renewable energy systems before they are linked to the grid like in the photovoltaic and wind power system cases, with its advantages in fully control of dc-link voltage, active and reactive power, as well as power factor [1] - [3] . A grid filter is normally introduced to avoid the pulse width modulation carrier and side-band voltage harmonics coupling to the grid that can disturb other sensitive loads or equipment. For the megawatt-level wind power converter, due to the quite low switching frequency of the power switching devices (usually several kilohertz), a simple filter inductor consequently becomes bulky, expensive, and it may also bring poorer dynamics into the system [4] - [6] . In order to fulfill the modern grid codes [7] - [9] , the wind turbine system is currently required to behave more like a traditional power source (e.g., synchronous generator), which implies that the wind turbine system should have the capability of reactive power support. Due to the doubly fed mechanism of the doubly fed induction generator (DFIG)-based wind turbine system, the reactive power can be supported either by the grid-side converter (GSC) or the rotor-side converter (RSC). If the reactive power is provided by the GSC, in the case of the constant dc-link voltage, the modulation index is closely related to the filter inductance, and it will increase very fast to overmodulation, especially when overexcited (OE) reactive power is needed [10] . There are two ways to deal with this issue-increase the dc-link voltage, which gives higher switching loss and power rating, or design an optimized grid filter.
Besides, if a small amount of reactive power is demanded by the transmission system operator, it is also of interest to compare the loss of the whole DFIG system, as the reactive power supported by the GSC only affects the loss of the GSC, while the reactive provided by the RSC not only influences the loss of the RSC, but also the loss of the generator itself. Then, the annual energy loss of the wind turbine system and cost of the reactive power can be calculated based on the annual wind profile at different compensation schemes.
The structure of this paper is organized as follows. Section II addresses the function of the grid filter in terms of the grid current ripple and the reactive power range. Then, the LCL filter design procedure and the characteristic comparison between the L filter and the LCL filter are discussed in Section III. The loss model and loss distribution of the DFIG system in the case of OE reactive power injection is followed in Section IV. According to an annual wind profile, Section V discusses the energy loss per year. Finally, after the loss distribution of different parts in the DFIG system is measured on a 7.5-kW test rig in Section VI, some concluding remarks are drawn in Section VII.
II. FUNCTIONS OF GRID FILTER
One of the most popular concepts in the mainstream wind power system market is the DFIG configuration as shown in Fig. 1 . Except for the advantage that the back-to-back power converters take up only the slip power of the DFIG, this configuration has two possibilities to deliver the demanded reactive 0885-8993 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [10] . Since the inductance difference for the secondary and tertiary winding of the three-winding transformer affects the amount of reactive power transmitted to the power grid, the three winding ratio is assumed as 1:1:1 for simplicity. The control of the back-to-back power converter is described in [11] .
As recommended in IEEE 519-1992, harmonics higher than 35th should be explicitly limited [12] . If a simple L filter is assumed to be used, the current ripple amplitude is jointly decided by the dc-link voltage, the switching frequency, and inductance value [13] . For a typical 2-MW DFIG-based wind turbine system, the main parameters of which are listed in Table I , the relationship between the current ripple and the active power of GSC P g is shown in Fig. 2(a) . It is noted that as expected the higher inductance is, the lower switching current ripple will be.
As aforementioned, if the reactive power is required from the grid, the value of the filter inductance also affects the modulation index. Fig. 2(b) indicates the relationship between the dc-link voltage and the reactive power of the GSC Q g (the fully modulation index is assumed). In order to fulfill the reactive power range stated in E.ON Netz [7] , the DFIG system should cover up to 0.4 p.u. OE and 0.3 p.u. underexcited (UE) reactive power in respect to the generator power rating. As the p.u. value is normally defined by the power rating of the induction generator, the used p.u. value in Fig. 2 (b) becomes 2.0 p.u. OE and 1.5 p.u. UE reactive power in respect to the GSC, which is five times higher than the p.u. value seen from the induction generator due to the rated slip power through the GSC. It can be seen that the minimum dc-link voltage increases considerably with higher inductance if the OE reactive power is needed. On the other hand, the higher inductance results in a lower switching ripple. Thus, it is a tradeoff procedure of the grid filter design. For the DFIG system as shown in Fig. 1 , since the final current ripple to the power grid is calculated as the sum of the stator current and the GSC current, and the stator current is much higher than the GSC current, 40% current ripple at the GSC is acceptable and it is used as the design criteria, which implies that the filter inductance is selected at 0.1 p.u.
III. CHARACTERISTIC COMPARISON OF AN L AND LCL FILTER
The equivalent single-phase GSC with an LCL filter is shown in Fig. 3 , which typically has no additional sensors compared to the conventional L filter configuration. Although the different positions of the voltage and current sensors may have their own advantages [13] , the current sensors on the converter side are chosen, because it can be designed to protect the power semiconductor and it is commonly used in industrial application.
A. Design Procedure of an LCL Filter
As shown in Fig. 3 , L c is the converter-side inductance, L f is the grid-side inductance, and C f is the capacitor bank, which is connected to a damping resistance R d . The converter current and the grid current are represented by i and i g . Moreover, the voltage of the converter output and the point of common coupling are represented by v i and v g , respectively.
A step-by-step design procedure for the LCL filter is described in [3] . This design is focused on that the total inductance of the LCL filter is able to reduce to half compared to the L filter. Afterward, a proper inductance sharing into L c (0.025 p.u.) and L g (0.025 p.u.) is realized in order to achieve the desired current ripple reduction. The capacitance value (0.1 p.u.) is then determined by the absorbed reactive power at the rated conditions, in which the resonant frequency becomes 1.35 kHz (67.5% of f sw ). The passive damping is inevitably designed to overcome the resonant problem, where its power dissipation is also taken into account [3] , [13] - [15] . The used filter parameters are summarized in Table II .
B. Characteristic Comparison Between L and LCL Filters
If the transfer function of the PI current controller, the modulation unit, as well as some delays introduced by the digital control are considered, the open-loop Bode plots of the L and the LCL filter from the GSC current reference to the line current are then shown in Fig. 4 . It is clear that the magnitude and phase characteristic between the L and LCL filters are exactly the same at lower frequency, if the PI parameter used in the current controller is under proper design. It is also noted that the smaller magnitude of the LCL filter appears at the switching frequency compared to the L filter. Moreover, the damping of the LCL filter has a better performance compared to the L filter above the switching frequency as expected.
IV. LOSS BREAKDOWN OF THE DFIG SYSTEM
The reactive power injection basically consists of the OE reactive power and the UE reactive power. As analyzed in [16] , the specific OE reactive power injection decreases the efficiency of the DFIG system. Consequently, only this kind of reactive power operation is in focus in this paper. 
A. Loss Model of the DFIG System
As shown in Fig. 1 , the common-adopted methodology to compensate the reactive power is from the stator of the induction generator, due to the fact that it introduces a small increase of the rotor-side current because of the winding ratio between the stator and the rotor of the DFIG [17] . However, this approach not only affects the loss of the RSC, but also imposes the loss of the DFIG itself. Loss dissipation inside the induction generator generally consists of the copper loss and iron loss as shown in Fig. 5 [18] . If the stator voltage-oriented vector control is applied, the statorside active power P s and reactive power Q s are independently in line with the stator d-axis current i sd and q-axis current i sq . Due to the flux equation existing in the DFIG, the relationship between the rotor and stator current under d-axis and q-axis is
where L ls and L m denote the stator leakage inductance and the magnetizing inductance, U gm denotes the rated grid phase voltage, ω 1 is the fundamental electrical angular frequency, and the subscript d and q denote the value at d-axis and q-axis circuit, respectively. The copper loss P cu is resistive losses occurring in the winding coils and can be calculated using the equivalent dq axis circuit stator resistance R s and rotor resistance R r as shown in 
where i s and i r denote the stator current and the rotor current, respectively. It can be seen that the copper loss of the induction generator is jointly dependent on the stator active power and reactive power. Generally, the iron loss is produced by the flux change, and it consists of eddy current loss and hysteresis loss, both of which are tightly connected with the operation frequency and flux density [18] . This method needs to know the empirical formula in advance, and the calculation is normally done according to the finite-element method. Alternatively, iron losses can be estimated from the electrical point of view [19] , [20] . In other words, it can be expressed by the equivalent iron resistance R i in parallel with the magnetizing inductance as shown in Fig. 5 .
The voltage equations for the additional iron resistor are
where i i is the equivalent iron loss current and ψ m is the magnetizing flux. Moreover, with the aid of the relationship between the stator flux and magnetizing flux
where ψ s denotes the stator flux. Due to the stator voltage orientation, ψ m d is nearly zero, and ψ m q is a constant value because of the stiff grid with the constant voltage and constant frequency. Substituting (4) into (3), the iron current can be deduced
According to (5) , it is noted that the d-axis iron loss current depends on the reactive power Q s , while the q-axis iron loss current is related to the active power P s . As a consequence, the iron loss P fe can be calculated as
In respect to the losses of the power converters in the DFIG system, it is well described in [16] . If the reactive power is provided by the RSC, the loss model of the generator (copper loss and iron loss) and the RSC (conduction loss and switching loss both in the IGBT and the freewheeling diode) is shown in Fig. 6(a) . It is evident that if the references of the active power, reactive power, and slip are known in advance, together with the information of the generator and power switching devices, each type of the losses can be analytically calculated. With the aid from the GSC, another approach may be realized to compensate the reactive power, which stresses the GSC and affects the loss of the GSC and the filter. Compared with the GSC losses, the grid filter loss is small enough [21] , and it is simply calculated by its parasitic equivalent series resistance (ESR). Similarly, as the conduction loss and switching loss of the IGBT and the diode are analytically solved, the GSC loss can be calculated as shown in Fig. 6(b) .
B. Loss Breakdown of the DFIG System
The loss distribution of the whole DFIG system is first evaluated at the normal operation (NOR), i.e., no reactive power is exchanged between the DFIG system and the grid. Then, the loss distribution is given in cases that the OE reactive power is fully from the RSC (OE_RSC) or the GSC. As the type of the grid filter only influences the loading of the GSC, it can be further divided by L filter (OE_L_GSC) and LCL filter (OE_LCL_GSC). The above cases are summarized in Table III . It is worth to mention that the dc-link voltage can be different at various compensation schemes which is consistent with Fig. 2(b) . It can be seen that the OE_L_GSC has a higher dc voltage than the OE_LCL_GSC, due to the higher total inductance of the filter.
The loss breakdown at the rated power of the four cases in terms of the DFIG, the RSC, the GSC, and its filter is then shown in Fig. 7 . In respect to the generator loss, together with the parameters of the DFIG listed in Table IV , it can be seen that the generator losses (especially copper losses) increase only in the OE_RSC compared to the NOR in Fig. 7(a) , because the reactive power injection by the RSC changes the generator's stator and rotor current amplitude. In respect to the RSC losses, it also increases considerably in the OE_RSC. Moreover, the power loss (especially the switching loss) increases slightly in OE_L_GSC and OE_LCL_GSC compared to the NOR operation, since the dc-link voltage becomes higher. For the GSC losses, OE_RSC stays the same with the NOR operation. However, if the reactive power is supported by the GSC, both the conduction losses and the switching losses increase significantly because of the dominating reactive current, and it also becomes three times higher than in the case that the reactive power is injected by the RSC. The tendency of the grid filter loss is similar to the GSC because of the same current through them. It is noted that if the OE reactive power is compensated from the GSC, the LCL filter consumes lower power loss due to the smaller ESR compared to the pure L filter. For the loss distribution of the whole DFIG system, compared with the loss of the DFIG itself and the power converters, the loss dissipated in the DFIG is dominant. From another perspective, if no reactive power is required, the power loss of various parts in the DFIG system at different wind speeds is shown in Fig. 8 (assuming that after 11-m/s wind turbine is operating at full load). In Fig. 8(a) , it is noted that the iron loss stays almost constant at various wind speeds, while the copper loss changes dynamically. For the RSC losses shown in Fig. 8(b) , it increases with the higher wind speed. With respect to the GSC losses at different wind speeds, it can be seen that the power loss becomes low at 8 m/s, which is regarded as the synchronous operation as shown in Fig. 8(c) . The loss of the grid filter is much smaller than the GSC as shown in Fig. 8(d) . Besides, the loss distribution of the whole DFIG system is shown in Fig. 8(e) .
V. ENERGY LOSS BASED ON ANNUAL WIND PROFILE
Based on the power loss model and the loss distribution with various amounts of reactive power described in Section IV, this section further estimates the energy loss and cost of reactive power according to an annual wind profile.
The annual wind of Weibull distribution according to the IEC standard-Class I [22] , [23] with the mean wind speed 10 m/s is shown in Fig. 9 . As each loss (kW) at various wind speeds can be calculated by a wind speed step of 1 m/s as shown in Fig. 8 , as well as the yearly wind speed distribution (hours), the annual loss of energy can be calculated. It is worth to mention that the annual loss of energy is only concerned from the cut-in Fig. 9 . Class I annual wind distribution defined by IEC standard [22] .
to the rated wind speed, because if the wind speed is higher than rated value, it is assumed that the power loss dissipated (loss of energy production) in the DFIG system can be compensated by the mechanical power from the wind turbine blades.
The annual energy loss of the DFIG system at various operation modes is shown in Fig. 10(a) . It is evident that the energy consumed by the induction generator is much higher than in the back-to-back power converters. Moreover, it can be seen that although the OE reactive power compensation from the GSC significantly imposes the loading of the GSC itself and its filter, the OE_LCL_GSC still has the lowest loss of energy.
It is also an interesting perspective to express the annual energy loss in terms of the percentage over the yearly produced energy, which is accumulated from the cut-in until the cutoff wind speed. As shown in Fig. 10(b) , under the assumption that the OE reactive power is required all year around, the normal case is the OE_RSC that takes up 2.05% annual energy, while the best situation is achieved by the OE_LCL_GSC 1.98%, which implies 3.41% energy saving per year.
VI. EXPERIMENTAL VERIFICATION OF LOSS DISSIPATION
In order to validate the loss dissipation of the DFIG system at different reactive power compensation methods, a down-scaled 7.5 kW test rig is built up and shown in Fig. 11 . The DFIG is externally driven by a prime motor, and two 5.5-kW Danfoss motor drives are used for the GSC and the RSC, both of which are controlled with dSPACE 1006. Besides, the LCL filter is employed as the grid filter, whose capacitor branch can be bypassed to realize the L-type filter. The important parameters of the test setup are summarized in Table V . It is noted that, as the rated rotor speed is 1800 r/min, the p.u. value of the grid filter is calculated based on the slip power of the DFIG. In the condition that the full power of the DFIG is realized at 1800 r/min, 0.4-p.u. reactive power according to the grid codes is compensated from the GSC; the current injecting to the grid from the back-to-back power converter is compared with the LCL and L filter as shown in Fig. 12 . It is noted that the fundamental currents of the L and the LCL filter both are 4.2 A, and the currents are leading the grid voltage 90°, as the majority of which belongs to the reactive component. Furthermore, the maximum value of the harmonic spectrum around the switching frequency is 105 mA with the L filter, which is much higher than the LCL filter 25 mA.
The loss dissipation of the various parts in the down-scaled DFIG system is monitored by Yokogawa Power Analyzer WT3000. The loss of the DFIG itself, the RSC, the GSC and the grid filter are tested separately and they are shown in Fig. 13 , in which four conditions are taken into account consistent with Fig. 7 . It is worth to mention that the dc-link used in the above four cases is 600, 600, 750, and 650 V, respectively. In respect to the loss of the DFIG itself and the RSC, it consumes the highest in the case that the reactive power is compensated from the RSC. However, regarding the GSC, the reactive power supported by the GSC with the L filter leads to the highest power loss, and similar filter loss can be observed in the cases of the reactive power compensation by the GSC because of the same value between the L and LCL filters.
The experimental result of total loss dissipation in the DFIG system at 1800 r/min is then shown in Fig. 14 . Compared with Fig. 7(e) , since the loss consumed in the DFIG actually contains both the DFIG loss and prime motor loss, the loss distribution of the DFIG is much higher compared to power converters. Moreover, it can be seen that the both OE_L_GSC and OE_LCL_GSC are more efficient than OE_RSC due to the different amounts of the equivalent loss resistors between the 2-MW and 7.5-kW DFIGs.
VII. CONCLUSION
This paper has studied the influence of the grid filter inductance on the current ripple and the reactive power range for a DFIG wind turbine system. Then, an optimized LCL filter design is achieved with half value of the total inductance compared to the pure L filter.
Due to the existence of the two possibilities to generate the demanded reactive power for the DFIG system-controlled by the RSC or controlled by the GSC-each of them is analyzed in terms of the DFIG loss and the power converters loss. It is concluded that although the compensation from the GSC significantly increases the power loss of the GSC itself, it will still have lower total loss dissipation of the whole DFIG system, as the compensation approach by the RSC will impose the DFIG loss as well as the RSC loss.
Based on a typical annual wind speed distribution, the loss of energy per year is finally discussed. It can be seen that the injection of reactive power is actually not free of charge. Assuming that the cost the offshore wind power is 0.2 Euro/kWh, compared with the NOR of 1.60% annual energy loss (32.2k Euro), if the OE reactive power is injected by the RSC, it will increase to 2.05% annual energy loss (41.3k Euro) when the reactive power is needed all year around. On the other hand, if the grid filter is properly designed and the OE reactive power is supported by the GSC, the annual energy loss becomes 1.98% (39.7k Euro), which implies 3.41% (1.6k Euro) energy saving per year compared to the OE reactive injected by the RSC. 
